Emerging research has demonstrated that the sex hormone estradiol regulates fear extinction in female rodents and women. Estradiol may also regulate fear extinction in males, given its role in synaptic plasticity in both sexes. Here we report that inhibition of estradiol synthesis during extinction training, via the aromatase inhibitor fadrozole, significantly impairs extinction recall in male rats. This deficit in extinction recall is not due to state-dependent memory formation and is completely abolished by coadministration of estradiol. Our data suggest that estradiol may be just as important in the regulation of fear extinction in males as it is in females.
Fear extinction is a laboratory model of exposure therapy for anxiety disorders (Graham and Milad 2011; Milad and Quirk 2012; Parsons and Ressler 2013) . During extinction training a feared conditioned stimulus (CS) is repeatedly presented in the absence of the aversive unconditioned stimulus (US), until fear responses decline. Long-term retention of extinction is tested the following day by presenting the extinguished CS and measuring fear responses. Although the vast majority of research on fear extinction has been conducted using male rodents, more recent research has focused on fear extinction in females. The key finding that has emerged is that fear extinction is subject to considerable control by sex hormones, particularly estradiol (Lebron- Milad and Milad 2012) . For example, fluctuations in estradiol across the menstrual cycle are correlated with the success of extinction; women and female rats that undergo extinction learning during the low estradiol phase exhibit impaired extinction recall the following day, relative to those undergoing extinction learning during the high estradiol phase (Chang et al. 2009; Milad et al. 2009 Milad et al. , 2010 Zeidan et al. 2011; Glover et al. 2012; Graham and Milad 2013; Rey et al. 2013) . A single dose of estradiol prior to extinction training abolishes these extinction deficits in healthy women (Graham and Milad 2013) . Furthermore, in female rodents, estrogen agonists enhance, whereas estrogen antagonists impair, extinction consolidation (Chang et al. 2009; Milad et al. 2009 ). Finally, hormonal contraceptives, which inhibit estradiol synthesis, impair extinction in both rats and women (Graham and Milad 2013) . Hormone-associated disruptions in extinction have been suggested as a potential mechanism contributing to women's increased vulnerability to anxiety disorders (Lebron- Milad and Milad 2012; Graham and Milad 2013) . Indeed, low estradiol levels have been associated with diminished extinction learning and increased symptom severity in women with posttraumatic stress disorder (Glover et al. 2012) .
Is the influence of estradiol on fear extinction unique to females, or could estradiol also regulate fear extinction in males? Studies that have demonstrated that, in both rats and humans, females exhibit similar extinction recall to males when they are extinguished during the high estradiol phase of the menstrual cycle, and exhibit impaired extinction recall relative to males when they are extinguished during the low estradiol phase (Milad et al. 2009 (Milad et al. , 2010 . These seemingly paradoxical results may be accounted for by research suggesting that estradiol is an important regulator of synaptic plasticity in both females and males. Many effects of testosterone are mediated by estradiol, which is synthesized via the enzyme aromatase from circulating testosterone, as well as from testosterone produced de novo by neurons in the hippocampus (Gillies and McArthur 2010) . Aromatase was originally thought to be most important in sexual differentiation and reproductive behavior (Wright et al. 2010 ). More recently it has been determined that aromatase and the associated synthesis of estradiol are also involved in affect modulation, adulthood synaptogenesis, and learning and memory (Garcia-Segura 2008) . It is therefore possible that estradiol may be just as important in the regulation of fear extinction in males as it is in females. Such a hypothesis would account for why sex differences in fear extinction emerge when females have reduced levels of estradiol.
If it is the case that estradiol is necessary to fear extinction in males, then blocking the conversion of testosterone to estradiol by inhibiting aromatase should impair fear extinction. We tested this hypothesis by examining the effects of the aromatase inhibitor, fadrozole (FAD), on the acquisition and consolidation of fear extinction in male rats. In all experiments, on Day 1 rats underwent habituation (five CS presentations alone, where the CS was a 30-sec, 4-kHz tone with 80-dB intensity) followed by conditioning (five CS presentations coterminating with a 0.5-sec, 0.6-mA foot shock US). On Day 2, 24 h after fear conditioning, rats underwent extinction training consisting of 30 nonreinforced CS presentations (intertrial interval 60 sec). On Day 3, 24 h after extinction training, all rats were tested for extinction recall, consisting of three nonreinforced CS presentations. All procedures took place within the same context. Rats were scored for the percentage of time spent freezing during the CS presentations throughout all phases as a measure of fear. The freezing responses during each 30-sec trial are presented for conditioning and extinction recall. For extinction training, the freezing responses for every five extinction trials was averaged, and presented as six blocks of extinction trials. Pre-CS freezing was measured in the 2-min acclimation period prior to CS onset throughout each experimental phase. In all experiments, pre-CS freezing was negligible, demonstrating that freezing during the CS was a reflection of the association between the CS and foot shock. Furthermore, no group differences in Pre-CS freezing were observed in any experiment (see Table 1 ).
In Experiment 1, rats were s.c. administered 1 mg/kg of body weight FAD 30 min prior to extinction training (group FAD-PRE), immediately after extinction training (group FAD-POST), or 4 h after extinction training (group FAD-4 h). Doses in this range have previously been shown to have rapid effects on behavior (Alejandre-Gomez et al. 2007; Taziaux et al. 2007) . A fourth group of rats received an equivalent volume of vehicle at one of these time points, and were subsequently collapsed into one group (group Vehicle) . No between-group differences in freezing levels were found throughout conditioning, as to be expected given that all drug manipulations occurred at the time of extinction training ( Fig. 1) . A repeated measures Analysis of Variance (ANOVA) revealed a significant effect of conditioning trial (F (4,168) ¼ 33.607, P , 0.0001), and no effect of group nor a significant trial-by-group interaction (P's . 0.416), indicating that all groups increased freezing throughout conditioning comparably. In addition, all groups exhibited comparable and declining levels of freezing throughout extinction training, as confirmed by a repeated measures ANOVA (significant effect of extinction block, F (5,210) ¼ 66.751, P , 0.0001, and no significant effect of group or a significant block-by-group interaction (P's . 0.499). At extinction recall, a repeated-measures ANOVA revealed a significant effect of group (F (1,42) ¼ 17.194, P , 0.001). Tukey's Honestly Significant Differences (HSD) test revealed that Vehicle exhibited significantly less freezing than FAD-PRE and FAD-POST (P , 0.0001); the latter two groups both exhibited high and comparable levels of freezing (P ¼ 0.71). FAD-4 h exhibited low levels of freezing, comparable to Vehicle (P ¼ 0.97) and less than FAD-PRE and FAD-POST (P's , 0.0001). These data are shown in Figure 1 . These results suggest that inhibiting the conversion of testosterone to estradiol impairs the consolidation of extinction memories, because (1) when FAD was administered prior to extinction training, it led to impaired extinction recall without altering the acquisition of extinction learning, and (2) animals administered FAD 4 h after extinction training exhibited no impairments in fear extinction recall, suggesting that aromatase activity may be necessary during the early phases of memory consolidation (McGaugh 2000) .
Experiment 2 sought to exclude the possibility that FAD led to an impairment in extinction recall due to the formation of state-dependent memory. This phenomenon occurs when a memory is formed under a certain state and can only be recalled when again in that same state (Todd et al. 2014) . Rats received a s.c. injection of FAD or vehicle 30 min prior to extinction training, and then received another s.c. injection of FAD or vehicle 30 min prior to extinction recall, producing four groups: Veh-Veh (i.e., vehicle prior to extinction training and vehicle prior to extinction recall), FAD-Veh (i.e., FAD prior to extinction training and vehicle prior to extinction recall), Veh-FAD (i.e., vehicle prior to extinction training and FAD prior to extinction recall), and FAD-FAD (i.e., FAD prior to extinction training and FAD prior to extinction recall). If FAD causes state-dependent memory, then group FAD-FAD should exhibit good extinction recall, comparable to group Veh-Veh.
No differences in freezing levels were found throughout conditioning, as to be expected (Fig. 2) . A 2 × 2 repeated measures ANOVA revealed a significant effect of conditioning trial (F (4,208) ¼ 40.17, P , 0.0001), and no main effects of group, nor a significant trial-by-group interaction (P's . 0.32). All groups exhibited comparable extinction acquisition on Day 2 (Fig. 2) , as supported by a significant effect of extinction block (F (5,260) ¼ 59.84, P , 0.0001), with no significant main effects of drugs, nor a significant trial-by-drug interaction (P's . 0.08). At extinction recall there was a main effect of drug administered prior to extinction training (F (1,56) ¼ 6.8; P ¼ 0.012) and a main effect of drug administered prior to extinction recall (F (1,56) ¼ 4.675, P ¼ 0.035), and no significant interaction (P ¼ 0.21) (Fig. 2) . Followup Tukey's HSD tests indicated that Veh-Veh exhibited significantly lower levels of freezing than both FAD-Veh (P ¼ 0.04) and FAD-FAD (P ¼ 0.01); the latter two groups exhibited high and comparable levels of freezing (P ¼ 0.93). Veh-FAD exhibited levels of freezing that were not significantly different from those of any group (smallest P ¼ 0.08, indicating a trend for Veh-FAD Fear extinction in male rats depends on estradiol www.learnmem.org to be worse than Veh-Veh). This finding was unexpected, as it suggests that FAD may also cause a slight impairment in the expression of extinction memory. However, the important finding of Experiment 2 was that rats that received FAD prior to extinction training exhibited impaired extinction recall even when they were again administered FAD prior to test for extinction recall. This demonstrates that the impairing effect of FAD on extinction recall does not result from state-dependent memory formation, and, together with the results from Experiment 1, this suggests that FAD causes a deficit in extinction consolidation.
If the impairing effect of FAD on extinction consolidation is due to a reduction in the bioavailability of estradiol, then coadministering FAD with estradiol should attenuate the deficit. This hypothesis was tested in Experiment 3, in which two groups of rats were treated with s.c. FAD 30 min prior to extinction training. One group additionally received 15 mg/kg of body weight s.c. 17-b-estradiol immediately after the FAD injection (group FAD-17bEst); the other received an equivalent volume of vehicle (group FAD-Veh). This dose of estradiol (which produces levels of estradiol comparable to those observed during proestrus) has previously been shown to enhance fear extinction in female rats (Milad et al. 2009 ). A third group received two injections of vehicle (group Veh-Veh) . No between-group differences in freezing levels were found throughout conditioning (Fig. 3) , as to be expected. A repeated measures ANOVA revealed a significant effect of conditioning trial (F (4,84) ¼ 16.047, P , 0.0001), and no effect of group nor a significant trial-by-group interaction (P's . 0.485). During extinction training on Day 2 there was a main effect of extinction block (F (5,105) ¼ 96.836, P , 0.0001), and no effect of group or block-by-group interaction (P ¼ 0.165) ( Fig. 3 ), suggesting that all groups acquired the extinction learning comparably, irrespective of drug treatment. At extinction recall on Day 3, a repeated-measures ANOVA indicated a significant effect of group (F (2,23) ¼ 12.585, P , 0.0001) (Fig. 3) . Tukey's HSD test demonstrated that FAD-Veh exhibited significantly greater freezing than FAD-17bEst (P ¼ 0.001). Veh-Veh and FAD-17bEst exhibited low and comparable freezing levels (P ¼ 0.99). These results suggest that the impairment in extinction recall caused by FAD is due to a reduction in estradiol, as estradiol supplementation at the time of FAD administration completely prevented the subsequent deficit in extinction recall.
The key findings of this study are that preventing the conversion of testosterone to estradiol by inhibiting aromatase leads to impaired extinction recall the following day. The impairment is not due to state-dependent learning from the effects of the aromatase inhibitor, because the impairment was not attenuated by readministering the aromatase inhibitor prior to extinction recall.
Rather, the impairment appears to be due to a disruption in the early consolidation phase of the extinction memory, because the aromatase inhibitor did not prevent the acquisition of extinction learning. Furthermore, administration of the inhibitor 4 h after extinction training occurred was ineffective in blocking extinction recall. Finally, this study also demonstrated that the deficit in extinction recall caused by inhibiting aromatase was completely rescued by coadministration of systemic estradiol.
Together, our data suggest that estradiol is necessary to fear extinction in males as it is in females. These findings are consistent with, and may account for, the pattern of results from past research demonstrating that sex differences in fear extinction are only apparent when comparing males to females who are low in estradiol (Milad et al. 2009 (Milad et al. , 2010 . That is, if estradiol is necessary to fear extinction in both sexes, then males should exhibit fairly stable extinction ability as they do not undergo significant fluctuations in the production of testosterone (and its subsequent conversion to estradiol). In contrast, females should exhibit deficits in fear extinction relative to males only during periods of low estradiol, as was observed by Milad et al. (2009 Milad et al. ( , 2010 . These findings are also broadly consistent with other reports of impaired fear extinction in female mice and rodents relative to males in experiments that have not taken estrous cycle stage into account (Baran et al. 2010; Baker-Andresen et al. 2013; Fenton et al. 2014 ). Furthermore, one study has reported sex differences in functional activation of limbic and cortical regions during extinction recall, despite an absence of sex differences in physiological arousal . Another study demonstrated that women low in sex hormone levels exhibited stronger functional activation in several limbic and cortical regions relative to males and women high in sex hormone levels during extinction learning (Merz et al. 2012) . Together, these studies highlight the need to examine the hormonal basis of sex differences in emotional learning and memory.
Our findings suggest that acute inhibition of aromatase exerts rapid effects on memory consolidation in males. This is consistent with other research demonstrating rapid effects of aromatase inhibition on male behavior. For example, acute inhibition of aromatase modulates working memory in rats (Alejandre-Gomez et al. 2007 ), the withdrawal response from a painful stimulus in quail (Evrard and Balthazart 2004) , and sexual behavior in mice (Taziaux et al. 2007) . Also consistent are reports that aromatase activity itself is rapidly modulated by glutamate agonists that impact intracellular calcium concentrations (Balthazart et al. 2006) , and aromatase activity is also modulated by phosphorylation processes (Charlier et al. 2011) . Such findings support the notion that aromatase could rapidly modify brain activity and behavior via altering the bioavailability of estradiol. Fear extinction in male rats depends on estradiol www.learnmem.org
The finding that disrupting the synthesis of estradiol impaired extinction consolidation, whereas a single estradiol injection reversed this effect, suggests that fear extinction in males may depend on the acute effects of estradiol synthesized de novo. The exact mechanisms by which estradiol may exert its impact on fear extinction remain to be explored. However, through interactions with its extranuclear receptors, estradiol has been demonstrated to have a myriad of nongenomic consequences that impact intracellular signal transduction, including activation of the mitogen activated protein kinase pathway, calcium influx, the protein kinase C and protein kinase A pathways, and accumulation of cyclic adenosine monophosphate (Sheldahl et al. 2008) . Such nongenomic processes have been suggested to mediate the impact of estradiol on fear extinction in females Graham and Milad 2013) . Further studies are needed to determine whether estradiol regulates fear extinction in males and females through common pathways. This is particularly important given that sexual dimorphisms in estradiolmediated hippocampal synaptogenesis have previously been documented (Fester et al. 2012 ). Regardless of the mechanism, these findings highlight yet again that estradiol regulates the learned inhibition of emotional memories, and demonstrate for the first time that the role of estradiol in this regard extends to males. An increased understanding of the impact of sex hormones on fear extinction may have important implications for the treatment of anxiety disorders not just in women, but also in men.
